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Cdc15p is known to contribute to cytokinesis in
fission yeast; however, the protein is not required
to assemble the contractile ring of actin and myosin,
but it helps to anchor the ring to the plasma mem-
brane. Cdc15p has a lipid-binding F-BAR domain,
suggesting that it provides a physical link between
the plasma membrane and contractile ring proteins.
However, we find that a more important function of
Cdc15p during cytokinesis is to help deliver a trans-
membrane enzyme, Bgs1p (also called Cps1p), from
the Golgi apparatus to the plasma membrane, where
it appears to anchor the contractile ring. Bgs1p syn-
thesizes the cell wall in the cleavage furrow, but its
enzyme activity is not required to anchor the contrac-
tile ring. We estimate that 2,000 Bgs1p molecules
are required to anchor the ring. Without Bgs1p
anchors, contractile rings slide along the plasma
membrane, a phenomenon that depends on an un-
conventional type II myosin called Myp2p.INTRODUCTION
Cytokinesis by fission yeast S. pombe depends on the formation
and constriction of a contractile ring and septum formation.
Preparation for cytokinesis begins during interphase with the for-
mation of cortical protein assemblies called nodes (Martin and
Berthelot-Grosjean, 2009; Moseley et al., 2009). Proteins
required for the assembly, maturation and constriction of the
contractile ring are recruited to nodes in an orderly fashion
beginning during interphase (Pollard and Wu, 2010; Wu et al.,
2003). A signaling pathway called the septation initiation network
(SIN) controls the assembly of the septum (Balasubramanian
et al., 1998; Le Goff et al., 1999a). During the time the contractile
ring matures, SIN initiates recruitment of b-glucan synthetases
Bgs1p (cps1+), Bgs4p (bgs4+), and Ags1p (mok1+) to the plasma
membrane next to the contractile ring, where these integral
membrane proteins synthesize the septum (Corte´s et al., 2002,
2005, 2012). In cells with mutations in SIN signaling or cps1+,Cell Remany contractile rings are not centered, suggestive of an
anchoring defect, and others are unstable and disappear without
constricting (Hachet and Simanis, 2008; Le Goff et al., 1999b; Liu
et al., 1999, 2002; Roberts-Galbraith et al., 2010). The postana-
phase array of microtubules (PAA) assembles during thematura-
tion period near the contractile ring and contributes to anchoring
the contractile ring (Pardo and Nurse, 2003), but the molecules
anchoring the contractile ring to the membrane are not known.
We turned to the essential F-BAR protein Cdc15p as a poten-
tial anchor. This phosphoprotein is required for efficient endocy-
tosis when phosphorylated (Arasada and Pollard, 2011) and for
cytokinesis when dephosphorylated (Carnahan and Gould,
2003; Fankhauser et al., 1995). Temperature-sensitive mutations
of cdc15+ compromise cytokinesis, but clarity about the nature
of the defects has emerged slowly. The presence of incomplete
contractile rings in fixed mutant cells (Arai and Mabuchi, 2002;
Balasubramanian et al., 1998; Carnahan and Gould, 2003; Fank-
hauser et al., 1995) and the ability of Cdc15p to interact with a
cytokinesis formin, Cdc12p (Carnahan and Gould, 2003; Rob-
erts-Galbraith et al., 2010), suggested a role in the contractile
ring assembly. Other evidence suggests that Cdc15p acts later
during cytokinesis. For example, Dcdc15 cells lacking Cdc15p
can assemble contractile rings that fail to constrict and separate
the daughter cells (Wachtler et al., 2006), Cdc15p continues to
accumulate in contractile rings during the maturation period
(Wu and Pollard, 2005), some proteins that interact with
Cdc15p (ethanol-dependent protein Etd1p; Daga et al., 2005;
paxillin Pxl1p; Ge and Balasubramanian, 2008; Pinar et al.,
2008; and transglutaminase-like protein Cyk3p; Pollard et al.,
2012) accumulate in the cleavage furrow after the ring forms,
and cells lacking the C-terminal SH3 domain of Cdc15p
assemble contractile rings but fail to anchor them (Roberts-Gal-
braith et al., 2009).
Here, we find that Cdc15p associates with trans-Golgi mem-
branes through its middle domain (residues 298–868). When
Cdc15p is mutated or depleted from cells or the Clp1p phospha-
tase is deleted, the septation enzymeBgs1p is transported slowly
from the trans-Golgi network to the plasma membrane. During
this delay, normally formed contractile rings slide from the center
of the cell in a manner dependent on Myp2p (unconventional
myosin-II), socleavage furrowsaremisplaced. Theenzymeactiv-
ity of Bgs1p is not required to anchor the contractile ring.ports 8, 1533–1544, September 11, 2014 ª2014 The Authors 1533
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Figure 1. Comparison of Cytokinesis in Three Mutant Strains
Imaging in all figures was done at 25C on 25% gelatin pads in EMM5S unless
specified otherwise. Time zero in all figures is defined by the separation of the
spindle pole bodies.
(A) A differential interference contrast image of 41xnmt1cdc15 cells depleted
of Cdc15p by incubation with 2.8 mM thiamine in EMM5S for 24 hr at 25C and
with 2.8 mM thiamine in the gelatin pad. A white arrow highlights a cell with two
septa, and black arrows highlight branched cells. Scale bar represents 5 mm.
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Mutations in the F-BAR Protein Cdc15p and the
Phosphatase Clp1p Result in Contractile Ring Sliding
during Cytokinesis
We used three approaches to investigate the role of the essential
F-BAR protein Cdc15p during cytokinesis. First, we repressed
expression of Cdc15p in 41xnmt1cdc15 cells for 24 hr with
2.8 mM thiamine, reducing the whole cell concentration from
12 mM to 0.2 mM (Arasada and Pollard, 2011), so hereafter we
call these cells ‘‘depleted of Cdc15p.’’ Second, we used a strain
with the single SH3 domain deleted from Cdc15p (Roberts-Gal-
braith et al., 2009), hereafter called cdc15DSH3 cells. Third, we
deleted the gene for the Clp1p phosphatase (Trautmann et al.,
2001) that regulates Cdc15p as well as many other phosphory-
lated proteins (Chen et al., 2013).We followed contractile ring as-
sembly in time-lapse movies of cells expressing the myosin-II
regulatory light chain, Rlc1p, tagged in the genome on the C ter-
minus with red fluorescent protein tdTomato. We report results
using the cell-cycle timescale (Wu et al., 2003), where zero is
the time of spindle pole body separation or appearance of spin-
dle microtubules.
The three mutant strains had slightly different cytokinesis de-
fects. Septa were located within 5% of the middle of all wild-
type cells but were displaced further from the middle in 20%–
60% of cells depleted of Cdc15p, cdc15DSH3 cells, and Dclp1
cells (Figures 1A and 1B). Furthermore 30% of cells depleted
of Cdc15p had multiple septa and a few were branched (Fig-
ure 1A), defects not observed in cdc15DSH3 or Dclp1 cells.
Contractile rings assembled normally in the middle of cells
depleted of Cdc15p andDclp1mutants, butmany divided asym-
metrically, because the rings slid away from the center toward a
pole (Figure 1C) as originally observed for cdc15DSH3 cells
(Roberts-Galbraith et al., 2009). Wild-type cells, cells depleted
of Cdc15p, cdc15DSH3 mutant cells, and Dclp1 mutant cells(B) Histogram of the positions of septameasured as the percent offset from the
cell center: white bars, wild-type cells (n = 24); black bars, cells depleted of
Cdc15p (n = 41); dark gray bars, cdc15DSH3 cells with Cdc15p lacking the
SH3 domain (n = 80); and light gray bars, Dclp1 cells (n = 31).
(C) Time series of fluorescence micrographs (maximum-intensity projections
of 19 z slices, 4 min intervals) of cells expressing Rlc1p-tdTomato. The first
panel shows a wild-type cell with a centrally located contractile ring that began
to constrict at +24 min. The second panel shows a cell depleted of Cdc15p
with a contractile ring that moved toward the lower pole beginning at +16 min.
The third panel shows a cdc15DSH3 cell with a contractile ring that moved
toward the lower pole at +20 min. The fourth panel shows a Dclp1 cell with a
contractile ring that moved toward the lower pole beginning at time 20 min.
Vertical lines at the end of time series mark the lengths of the daughter cells.
Scale bar represents 2 mm.
(D–F) Time courses of appearance of cortical nodes tracked with Rlc1p-
tdTomato (O, C), completion of contractile rings (☐, -), onset of ring
constriction (D, :), and ring sliding (;). Open symbols are wild-type cells
(same data used in D–F), and filled symbols are mutant cells. (D) Wild-type (O,
☐, n = 24 and D, n = 29) and cells depleted of Cdc15p (C,-, n = 10,:, n = 9,
; n = 17). (E) Wild-type and cdc15DSH3 cells (C,-,; n = 32;:, n = 24). (F)
Wild-type and Dclp1 cells (C,-,:,;, n = 34).
(G) Time course of contractile ring constriction measured as the circumference
of Rlc1p-tdTomato fluorescence in wild-type cells (O, n = 12), cells depleted of
Cdc15p (☐, n = 9), cdc15DSH3 (D, n = 9), and Dclp1 cells (C, n = 21).
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Figure 2. Recruitment of Formin Cdc12p to Nodes and Contractile
Rings
(A) Time series of fluorescencemicrographs (maximum-intensity projections of
20 z slices, 4 min intervals) of cells expressing Cdc12p-3YFP. Top panel: a
wild-type cell with a centrally located contractile ring that began to constrict at
time 24 min. Middle: a cell depleted of Cdc15p with a contractile ring that
constricted completely. Bottom: a cell depleted of Cdc15p with a contractile
ring that moved toward the bottom pole beginning at time 18 min, failed to
constrict, and then disassembled. Scale bar represents 2 mm.
(B and C) Time courses of the accumulation and loss of Cdc12p-3YFP mol-
ecules (mean ± 1 SD) at the cleavage site at 25C. Black O, wild-type cells (n =
13). (B) Red ☐, whole sample of 41xnmt1cdc15 (n = 10) cells depleted of
Cdc15p. (C) Blue ☐ with dashed line, one cell depleted of Cdc15p with a ring
that disassembled after failing to constrict; red☐with dashed line, one Cdc15p
depleted cell with a constricting ring.all concentrated Rlc1p-tdTomato in precursor nodes around the
cell equator between12 and4 min and condensed these no-
des into contractile rings between times +4 and +16min (Figures
1C–1F). Fully formed contractile rings in wild-type cells were sta-
tionary as they matured for 20 min before beginning to constrict
between times +22 and +35 min. On the other hand, starting at
time +16 min, contractile rings moved steadily away from the
cell center at about 0.1 mm/min in 80% of cells depleted of
Cdc15p (Movie S1), 45% of cdc15DSH3 cells, and 45% of
Dclp1 cells (Figures 1C–1F). Even inmovies taken at 1 s intervals,
rings appeared to slide away from the cell center in cells
depleted of Cdc15p (Movie S2) rather than changing position
by cycles of assembly and disassembly at different positions.
Sliding rings in cells depleted of Cdc15p had two fates. About
half stalled and began to constrict after time +46 min, resulting inCell Rea septum between daughter cells of different sizes (Figure 1D).
Cytokinesis failed in other cells, because their rings disas-
sembled as they moved toward a cell tip (Figure 1D). The cytoki-
nesis phenotype was less severe in cdc15DSH3 andDclp1 cells,
because contractile rings did not slide to the cell tip but stalled
and constricted, forming daughter cells of different sizes (Figures
1B and 1C). None of these cdc15DSH3 cells and Dclp1 cells
formed multiple septa or failed to complete abscission. Initial
rates of ring constriction were faster in wild-type cells
(0.83 mm/min) than in cells depleted of Cdc15p (0.3 mm/min),
cdc15DSH3 cells (0.47 mm/min), or Dclp1 cells (0.62 mm/min)
(Figure 1G).
Cells Depleted of Cdc15pRecruit Cdc12p to the Equator
and Assemble Normal Postanaphase Microtubule
Arrays
Although Cdc15p interacts directly with formin Cdc12p and the
two proteins are reported to depend on each other to localize
in contractile rings (Carnahan and Gould, 2003; Roberts-Gal-
braith et al., 2010), Cdc12p-3YFP accumulated normally in no-
des and contractile rings of cells depleted of Cdc15p. In both
wild-type cells and cells depleted of Cdc15p, Cdc12p-3YFP
concentrated in small nodes around the cell center by
time +1 min, and by time +15 min, these nodes condensed
into complete contractile rings with 350 molecules of Cdc12p
(Figures 2A and 2B). Cytoplasmic concentrations of Cdc12p
were 0.043 mM in wild-type cells and 0.041 mM in cells depleted
of Cdc15p.
Rings that constricted in wild-type cells and in cells depleted
of Cdc15p retained the full complement of 300 Cdc12p mole-
cules until the formin dissociated in parallel with constriction
(compare Figures 2A and 2B). Cdc12p dissociated prematurely
from contractile rings that failed to constrict in cells depleted of
Cdc15p (Figures 2B and 2C).
We looked for an effect of the cdc15 mutations on the posta-
naphase array ofmicrotubules, because they help retain the con-
tractile ring at the cell center (Pardo and Nurse, 2003) andMyp2p
is linked to their placement near the contractile ring (Samejima
et al., 2010). In cells depleted of Cdc15p, the postanaphase array
of microtubules assembled at the normal time near the equator
as the primary septum formed (Figure S1).
Defects in Contractile Ring Anchoring in cdc15+Mutant
Cells Are Caused by Slow Delivery of Bgs1p to the
Cleavage Site
Previous work showed that septum deposition participates in
constriction and anchoring of the contractile ring (Clifford et al.,
2008; Corte´s et al., 2002; Hachet and Simanis, 2008; Le Goff
et al., 1999b; Liu et al., 1999, 2002; Roberts-Galbraith et al.,
2010). Our microscopic and biochemical experiments link the
cytokinesis defects in cdc15 andDclp1mutant cells to the trans-
membrane glucan synthetase Bgs1p.
Figure 3 traces the localization of Bgs1p around the cell cycle
in wild-type cells. The enzyme normally moves from the secre-
tory pathway to the cleavage furrow for cytokinesis (Figure 3A).
During interphase, GFP-Bgs1p concentrated at both poles but
was also present in randomly distributed cytoplasmic puncta be-
tween the poles. The presence of Sec72p and clathrin light-chainports 8, 1533–1544, September 11, 2014 ª2014 The Authors 1535
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Figure 3. Bgs1p Localization and Its Role in Contractile Ring
Anchoring
(A) Fluorescencemicrographs (maximum-intensity projections of 18 confocal z
slices) of five different wild-type cells expressing GFP-Bgs1p (first column) or
Sec72p-mCherry (second column). The third column is a merge of the two
fluorescence images. The fourth column is cross-section views of GFP-Bgs1p
in the middle of the top cell and the cleavage furrows of the other cells. Cell 1,
interphase; Cell 2, early cytokinesis; Cell 3, late cytokinesis; Cell 4, newly
divided daughter cells; Cell 5, daughter cells growing at old ends.
(B and C) Time course of cytokinesis tracked with Rlc1p-tdTomato in (open
symbols) wild-type cells and (filled symbols) temperature-sensitive Bgs1p
mutant cps1-191. Appearance of Rlc1p-tdTomato in nodes (O,C); comple-
tion of the contractile ring (☐,-); onset of contractile ring constriction (D,:);
and onset of ring sliding (;). (B) Time course of cytokinesis at 25C: (O, n = 14;
C, n = 16); (☐, n = 14;-, n = 16); (D, n = 9;:, n = 16); and (;, n = 11). (C) Time
course of cytokinesis at 34C: (O, n = 14;C, n = 13); (☐, n = 14;-, n = 13); (D,
n = 9;:, n = 13) and (; n = 13).
(D) Time series of fluorescence micrographs (maximum-intensity projection of
18 confocal z slices, 4 min intervals) at 34C of a cps1-191 cell expressing
Rlc1p-tdTomato andmCherry-Atb2p (tubulin). Spindle microtubules appear at
time 0min. The contractile ring slid toward the lower pole at time 14 min. Scale
bar represents 2 mm.Clc1p identified these puncta as clathrin-coated trans-Golgi
compartments (Figure S3) (Vjestica et al., 2008). During mitosis,
GFP-Bgs1p relocalized from the poles to the cell center, moving
from Sec72p-positive compartments to an equatorial band near
the contractile ring. Immediately after cell division, most GFP-
Bgs1p relocalized to the old growing ends and reappeared in
Sec72p-positive puncta (Figures 3A).1536 Cell Reports 8, 1533–1544, September 11, 2014 ª2014 The AuAll Bgs1p temperature-sensitive cps1-191 mutant cells
assembled contractile rings from nodes similar to wild-type cells
even at restrictive temperatures, but this strain had two cytoki-
nesis defects (Figures 3B–3D). First, 40% of contractile rings
slid toward a cell tip. Second, the onset of ring constriction
was delayed. At 25C, constriction began in wild-type cells
at +27 ± 1.6 min but was delayed to +56.5 ± 16.5 min in cps1-
191 cells (Figure 3B). At the restrictive temperature, the contrac-
tile ring was delayed from time +17.5 ± 1.5 min to +73.5 ±
24.5 min in cps1-191 cells, and only 40% of stationary and
sliding rings constricted (Figure 3C).
Since both cdc15+ and cps1+ mutations resulted in sliding
contractile rings, we investigated how Bgs1p and its product,
the septum, are related to this phenotype. Careful measure-
ments revealed that appearance of GFP-Bgs1p at the cleavage
site is slow in cells depleted of Cdc15p, cdc15DSH3 mutants,
andDclp1mutants and that rings slide until GFP-Bgs1p reaches
a critical level (Figure 4). We used two methods to measure the
transfer of GFP-Bgs1p from the Golgi apparatus to the plasma
membrane adjacent to the contractile ring.
In Figure 4B, we used fluorescence intensity to count the num-
ber GFP-Bgs1p molecules around the equator (open symbols).
Cytoplasmic puncta containing both GFP-Bgs1p and Sec72p
first appeared near the contractile ring at time +15 ± 2 min in
wild-type cells, and GFP-Bgs1p accumulated in a band around
the equator at 500 molecules per min, reaching 2,000 mole-
cules by time +22 min and 4,500 molecules by time +27 min,
when contractile rings began to constrict (Figures 4A and 4B).
In themutant cells, vesicles containingGFP-Bgs1p accumulated
normally near the contractile ring at time +14.4 ± 2.6 min in cells
depleted of Cdc15p, 16.3 ± 2.4 min in cdc15DSH3 cells, and
17.8 ± 5.3 min in Dclp1 cells (Figure 4A and 4B), but the rate of
transfer of GFP-Bgs1p to the equatorial band was slower than
normal: 200 molecules per min in cell depleted of Cdc15p,
400 molecules per min in cdc15DSH3 cells, and 150 mole-
cules per min in Dclp1cells.
In Figures 4B–4E, we identified the time when a clear band of
GFP-Bgs1p was established around the equator. The band ap-
peared in wild-type cells by time +18.8 ± 1.6 min, 3.7 ± 1.8 min
after the accumulation of vesicles (800 molecules) (Figures
4B and 4C), but was delayed by 12.14 ± 2.4 min in cells depleted
of Cdc15p (appearing at +24.5 ± 3.5 min when 700 molecules
accumulated) (Figures 4B and 4C), 10.8 ± 2 min in cdc15DSH3
cells (appearing at +25.3min ± 3.3with900molecules) (Figures
4B and 4D), and by 14.9 ± 2.5 min in Dclp1 cells (appearing at
31.8 ± 5 min with 1,600 molecules) (Figures 4B and 4E).
Contractile rings slid in all three cdc15+ mutant strains during
the interval between the appearance of Myp2p at about
time +20 min (Figure 4B) and the accumulation of 2,000 mole-
cules of GFP-Bgs1p (Figure 4B). Rings did not slide in wild-
type cells where Myp2p and 2,000 molecules of Bgs1p both
appeared at the same time.
About 4,500 molecules of GFP-Bgs1p accumulated at the
equator of wild-type cells when contractile rings began to
constrict at +27 ± 1.6 min. The numbers of equatorial GFP-
Bgs1pmolecules at the onset of constriction varied in themutant
cells: 3,600 molecules at 32.6 ± 3.2 min in cdc15DSH3
cells, 4,500 molecules at 46.5 ± 5.7 min in Dclp1 cells, andthors
3,000 molecules at 34.5 ± 4 min in 41xnmt1cdc15 cells (Figures
4B–4E).
After the physical separation of the daughter cells at the end of
cell division, GFP-Bgs1p relocalized normally to cell tips during
interphase in cdc15+ and clp1+ mutant cells. Although GFP-
Bgs1p appeared to accumulate faster at the old end in cells
depleted of Cdc15p, this difference is likely due to the delay or
defects in cell separation in these mutant cells (Figure S2).
Inhibition of the catalytic activity of GFP-Bgs1p with aculeacin
A (Yamaguchi et al., 1985) slowed the formation of the contractile
ring slightly (Figure 4F) and stopped septum formation (Figure 4I),
but GFP-Bgs1p appeared early and accumulated faster than
normal in the cleavage furrow, reaching 2,000 molecules
before +20 min (Figure 4B and 4F). The contractile ring remained
anchored at the cell center for more than an hour (Figure 4I) and
failed to constrict even as 15,000 molecules of Bgs1p accu-
mulated around the equator (Figure 4B) before dispersing
(Figure 4I).
Distinct Cdc15p Domains Mediate Targeting to the
Cleavage Site and Association with the Golgi Apparatus
We tagged the N termini of full-length and truncation mutants of
Cdc15p with mEGFP or mCherry to study how Cdc15p localizes
to the Golgi apparatus and cleavage furrow by biochemical frac-
tionation and fluorescence microscopy. We expressed mEGFP-
Cdc15p, mCherry-Cdc15p, and mCherry-Cdc15pDSH3 from
the endogenous cdc15+ locus. Constructs mCherry-Cdc15p-
FBD1–297 (F-BAR domain), mCherry-Cdc15p-MD298–868 (middle
region between the F-BAR domain and the SH3 domain), and
mCherry-Cdc15p-MDSH3298–927 (Cdc15p lacking the F-BAR
domain) were expressed under the control of the cdc15+ pro-
moter in the leu1+ locus of 41xnmt1cdc15mutant cells depleted
of Cdc15p.
During subcellular fractionation, only tiny amounts Cdc15p
were soluble, and the rest divided between low-speed and
high-speed pellets. During sedimentation velocity ultracentrifu-
gation of homogenates on 18%–60% sucrose gradients (Antebi
and Fink, 1992), most mEGFP-Cdc15p sedimented rapidly. This
pattern was similar to the sedimentation of clathrin light-chain
Clc1p-mCherry and the trans-Golgi membrane marker
Sec72p, the homolog of budding yeast SEC7 Arf GEF. GFP-
Bgs1p sedimented in two broad peaks, with 40% sedimenting
slowly and 60% cosedimenting with Cdc15p and Sec72p. The
cis-Golgi membrane protein Anp1p-mCherry separated into
three fractions: 30% in a slowly sedimenting peak just ahead
of the soluble proteins, 32% sedimenting in the middle of the
gradient, and 38% sedimenting rapidly with Clc1p-mCherry,
Cdc15p, and Sec72p (Figures 5A and S4).
Sedimentation velocity experiments showed that mCherry-
Cdc15p-MD298–868 and all mCherry-Cdc15p constructs that
included the middle domain (residues 298–868) cosedimented
in a single peak with the fast-sedimenting fractions of Sec72p
and full-length Cdc15p (Figure 5B). Most of the construct con-
sisting of only the F-BAR domain (mCherry-Cdc15p-FBD1–297)
was in the soluble fractions at the top of the tube, and only
15% sedimented with Sec72p (Figures 5B and S4).
Fluorescence micrographs of cells expressing the tagged
Cdc15p constructs with domain deletions showed how the threeCell Redomains of Cdc15p contribute to its localization in cells. The
cytoplasmic fluorescence from each construct lacking a domain
was higher than full-length Cdc15p (Figures 5C–5E), likely
because each deletion compromised binding to intracellular
structures.
The F-BAR domain is necessary and sufficient for targeting to
the cleavage site. During cell division,mCherry-Cdc15p-FBD1–297
localized to the equators of 41xnmt1cdc15 cells depleted of
Cdc15p (Figure 5C). However, mCherry-Cdc15p-FBD1–297 did
not compensate for depletion of Cdc15p; contractile rings
marked with Rlc1p-tdTomato formed normally by +4 min but
slid away from the center of the cell (Figures 5F and 5H). The
contrast with the cytoplasmic fluorescence was so poor that
we could not be sure if mCherry-Cdc15p-FBD1–297 concentrated
in actin patches.
The middle domain of Cdc15p is necessary and sufficient
for association with the Golgi apparatus. When expressed in
cells depleted of Cdc15p, the middle domain construct
mCherry-Cdc15p-MD298–868 localized to the nucleus in inter-
phase and to a broad region in the middle of cells starting at
time +20 min (Figures 5D, 5G, and S3A). The equatorial zone
of mCherry-Cdc15p-MD298–868 coincided with the vesicles con-
taining GFP-Bgs1p, although the contrast with the high cyto-
plasmic fluorescence was low (Figures 5G, 5H, and S5A). In
cells depleted of Cdc15p, both GFP-Bgs1p and mCherry-
Cdc15p-MD298–868 trailed behind sliding contractile rings
(Figure 5I).
Cdc15pDSH3-mCherry lacking the C-terminal SH3 domain
localized to the contractile ring (Figure 5E), as shown previ-
ously (Roberts-Galbraith et al., 2009). During metaphase,
Cdc15pDSH3-mCherry concentrated in the contractile ring
well before mEGFP-Bgs1p accumulated at the cell center during
anaphase B and in the cleavage furrow at the end of anaphase B
(Figure S5B).
Myp2p Contributes to Ring Sliding and Constriction in
cdc15+ Mutants
Two observations suggested that unconventional myosin-II,
Myp2p, contributes to contractile ring sliding in cdc15+ and
clp1+ mutants. First, the temperature-sensitive allele cdc15-
140 was synthetically lethal with Dmyp2 (Figure 6A). Second, in
cells depleted of Cdc15p, cdc15DSH3 cells and Dclp1cells con-
tractile rings began to slide during the maturation time (Figures
1D–1F), about when Myp2p-YFP appeared in rings at
time +18 min (Figures 6B and 6C) (Bezanilla et al., 2000; Wu
et al., 2003). This is well after the appearance of conventional
myosin-II Myo2p (Figures 1D–1F).
Before the onset of constriction, contractile rings accumulated
1,800 molecules of Myp2p-YFP in wild-type cells and 1,500
molecules of Myp2p-YFP in cdc15DSH3 cells (Figure 6C).
Compared with wild-type cells, cells depleted of Cdc15p con-
tained 1.7 times more total Myp2p-YFP and their contractile
rings accumulated 3-fold more Myp2p (5,300 molecules)
(Figure 6C). In these mutant cells, Myp2p-YFP was unevenly
distributed around contractile rings, and elongated structures
containing Myp2p-YFP frequently peeled off from contractile
rings (Figure 6D; Movie S3). Similar defects were observed in
cells depleted of Cdc15p and expressing Rlc1p-tdTomato,ports 8, 1533–1544, September 11, 2014 ª2014 The Authors 1537
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Figure 4. Bgs1p Accumulates Slowly around the Equator of cdc15 Mutant Cells
(A) Time series of fluorescence micrographs (maximum-intensity projections of 18 confocal z slices, 2 min intervals) of four strains expressing Rlc1p-tdTomato to
mark contractile rings (top) and GFP-Bgs1p to mark primary septa and Sad1p-GFP to mark spindle pole bodies (bottom). Each image is a 403 40 pixel region of
interest of the cell center. The first panel shows wild-type cells, the second panel shows cdc15DSH3 cells, the third panel shows cells depleted of Cdc15p, and
the fourth panel shows Dclp1 cells. Boxes mark when GFP-Bgs1p formed a ring.
(legend continued on next page)
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which associates with both Myo2p and Myp2p (Figure 6D;
Movie S4).
In cells depleted of Cdc15p, contractile rings slid very slowly
without Myp2p (35 nm/min versus 135 nm/min with Myp2)
and none constricted (Figures 6E and 6F).We accumulated cyto-
kinetic cells for these experiments by arresting cells in early
S phase with 20 mM hydroxyurea in minimal media for 6 hr. After
washing out hydroxyurea, the cell cycle resumed for 2 hr before
imaging. The phenotype was similar in unsynchronized cells.
Myp2p Coordinates Contractile Ring Constriction with
Septum Deposition
Although Dmyp2 cells assembled and began to constrict con-
tractile rings marked with Rlc1p-tdTomato at the same time as
wild-type cells (Figures 7A and 7B), many of these contractile
rings had defects (Martı´n-Garcı´a and Valdivieso, 2006). First,
owing to irregularities or tilting relative to the long axis of the
Dmyp2 cells, the initial circumferences of many rings were larger
than circumferences of the cell (Figure 7C). Second, rings in
Dmyp2 cells constricted slower than normal (Figure 7B), and
many became irregular during constriction and septum deposi-
tion after time +24min (Figures 7A and 7C; Movie S5). Third, dur-
ing constriction, all contractile rings in Dmyp2 cells were dis-
placed to various degrees laterally from the middle of the cell,
and many were tilted relative to the long axis of the cell (Fig-
ure 7D). Contractile rings in 76% of Dmyp2 cells constricted to
a point, but in the remaining 24% of Dmyp2 cells, contractile
rings disassembled and released strands of actomyosin without
completing constriction.
Septal growth and ring constriction were uncoordinated in
many Dmyp2 cells (Figure 7D). In 43% of Dmyp2 cells, the ring
marked Rlc1p-tdTomato remained very close to the equatorial
plane and constricted completely in conjunction with septum
formation marked with GFP-Bgs1p (Figure 7D, top). In the re-
maining 57% of Dmyp2 cells, the contractile ring and associated
Bgs1p were displaced to one side of the furrow where the
septum grew and closed ahead of the contractile ring. In 33%
of Dmyp2 cells, these displaced rings constricted completely
before cell separation (Figure 7D, middle). In 24% of Dmyp2
cells, constriction of the ring and growth of the septum were
initially coordinated, but the ring then moved to one side of the
septum (Figure 7D, bottom). Subsequently (48 min in Figure 7D,(B) Time courses of appearance of Myp2p-YFP in contractile rings and numbe
appearance of Myp2p-YFP in contractile rings of wild-type cells (C, n = 17), Cdc1
n = 19). Right y axis, open symbols: average numbers of GFP-Bgs1pmolecules ar
12), cdc15DSH3 cells (D, n = 19), Dclp1 cells (>, n = 12), and wild-type cells (V, n
were measured in 20 optical sections at 2 min intervals for 2 hr, normalized and
(C–E) Time courses of appearance of Golgi vesicles containing GFP-Bgs1p at
contractile ring constriction tracked with Rlc1p-tdTomato (D,:). Open symbols: a
mutant cells. (C) Wild-type and cells depleted of Cdc15p (n = 14). (D) Wild-type a
and Dclp1 cells (n = 13).
(F–I) Effects of aculeacin A on cytokinesis. (F) Time course of cytokinesis in wi
incubated for 15min with 380mMDMSO (open symbols) or with 320 mMaculeacin
appearance of Rlc1p-tdTomato in nodes (O, n = 14;C, n = 21); contractile ring fo
equator (>, n = 15;A, n = 21); and onset of contractile ring constriction (D, n = 14)
of Rlc1p-tdTomato fluorescence in wild-type cells (O, n = 12) with 380 mM DMS
interference contrast images (top) and maximum-intensity projected fluorescen
Sad1p-GFP and Rlc1p-tdTomato showing the formation of (middle) a septum and
DMSO. Scale bar represents 2 mm. (I) Wild-type cells treated with 320 mM aculea
Cell Rebottom), the septum appeared to close and separate the
daughter cells, while the ring regressed.
DISCUSSION
Previous work established that the F-BAR protein Cdc15p has a
role in anchoring the contractile ring to the plasma membrane
(Roberts-Galbraith et al., 2010), so if the Cdc15p SH3 domain
is deleted, contractile rings slide along the cortex of the cell dur-
ing telophase. One possible mechanism is that Cdc15p is a
physical link between the plasma membrane and the contractile
ring, given that it interacts with contractile ring proteins (Carna-
han and Gould, 2003; Laporte et al., 2011; Lee and Wu, 2012;
Roberts-Galbraith et al., 2009) as well as membrane lipids
(Takeda et al., 2004). While this may be true, our observations
on cells with mutated or depleted Cdc15p revealed that the un-
derlying defect responsible for contractile ring sliding is slow
transfer of b-glucan synthetase Bgs1p (and perhaps other pro-
teins) from the Golgi apparatus to the plasma membrane. Rings
slide until2,000 Bgs1pmolecules reach the cell surface, where
they directly or indirectly anchor the contractile ring. Our findings
are consistent with genetic evidence that Bgs1p is required to
form a cleavage furrow (Liu et al., 1999). Thus, Cdc15p plays a
more important role in the assembly of the septum during late
anaphase than in the assembly of the contractile ring.
Bgs1p has attractive features for an anchor including 14 trans-
membrane helices and two large cytoplasmic domains. Bgs1p
also synthesizes the septum, which is also thought to be part
of the system that anchors the contractile ring (Pardo and Nurse,
2003). However, Bgs1p can anchor the ring even when an inhib-
itor of its enzyme activity prevents septum formation. Thus,
Bgs1p itself is required to anchor the ring.
We propose that Cdc15p contributes to budding clathrin-
coated Sec72p vesicles from the Golgi apparatus (Figure S3).
This is a unifying hypothesis, given the well-established role of
F-BAR proteins such as Cdc15p in clathrin-mediated endocy-
tosis (Arasada and Pollard, 2011; Berro et al., 2010; Qualmann
and Kelly, 2000; Tsujita et al., 2006). This hypothesis is consis-
tent with previous evidence that Bgs1p is transported through
the secretory pathway, such as brefeldin A inhibiting the concen-
tration of GFP-Bgs1p in the cleavage furrow (Liu et al., 2002) and
genetic interactions betweenmutations in cytokinesis genes andrs of GFP-Bgs1p molecules in cleavage furrows. Left y axis, filled symbols:
5p-depleted cells (-, n = 11), cdc15DSH3 cells (:, n = 17), andDclp1 cells (A,
ound the equators of wild-type cells (O, n = 15), cells depleted of Cdc15p (☐, n =
= 12) incubated with 320 mM aculeacin A. GFP-Bgs1p fluorescence intensities
corrected for background.
the cell center (O, C), appearance of GFP-Bgs1p rings (☐, -), and onset of
ll three graphs use the same data for wild-type cells (n = 19). Filled symbols are
nd cdc15DSH3 cells lacking the C-terminal SH3 domain (n = 19). (E) Wild-type
ld-type cells expressing Rlc1p-tdTomato, GFP-Bgs1p, and Sad1p-GFP pre-
A in DMSOprior to imaging with DMSO or aculeacin A (filled symbols). Events:
rmation (☐, n = 14;-, n = 21); appearance of a band of GFP-Bgs1p around the
. (G) Time course of contractile ring constrictionmeasured as the circumference
O or (☐, n = 21) 320 mM aculeacin A in DMSO. (H–I) Time series of differential
t images (middle and bottom) of wild-type cells expressing GFP-Bgs1p and
(bottom) a contractile ring from nodes. (H) Wild-type cells treated with 380 mM
cin A in DMSO. Scale bar represents 2 mm.
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Figure 5. Cellular Distribution and Domain Analysis of Cdc15p
(A) Sedimentation velocity ultracentrifugation of homogenates of wild-type
cells expressing cis-Golgi marker Anp1p-mCherry, mEGFP-Cdc15p, GFP-
Bgs1p, clathrin light-chain Clc1p-mCherry, or trans-Golgi marker Sec72p-
mEGFP. Homogenate samples of 1 ml were centrifuged on 12 ml gradients of
18%–60% sucrose for 140 min at 38,000 rpm at 4C. Fractions of 250 ml were
analyzed by SDS-PAGE and quantitative immunoblotting (fraction 1 is the top
of the gradient): GFP-Bgs1p (-), Sec72p-mEGFP (☐), mEGFP-Cdc15p (O),
Clc1p-mCherry (:), and Anp1p-mCherry (D).
(B–I) Domain analysis using truncation mutations of Cdc15p expressed in cells
depleted of Cdc15p: mCherry-Cdc15pMDSH3298–927 lacking the F-BAR
domain, mCherry-Cdc15pFBD1–297 consisting of only the F-BAR domain, and
mCherry-Cdc15pMD298–868 consisting of only the middle domain and
Cdc15pDSH3-mCherry consisting of the F-BAR domain and the middle
domain expressed in wild-type cells. (B) Sedimentation velocity ultracentrifu-
gation as in (A) except that fractions were 500 ml. Symbols: O, mCherry-
Cdc15p; ☐, Cdc15pDSH3-mCherry; D, mCherry-Cdc15pMDSH3298-927; C,
mCherry-Cdc15pMD298-868; and -, mCherry-Cdc15pFBD1-297. (C–E)
Maximum-intensity projections of images of 20 confocal z slices (Dz = 0. 36) of
mCherry fluorescence from truncation mutants of Cdc15p. (C) Cells depleted
of Cdc15p and expressing mCherry-Cdc15p-FBD1–297. White arrows highlight
fluorescent bands. Nodes are not visible over the high background fluores-
cence. (D) Cells depleted of Cdc15p expressing mCherry-Cdc15p-MD298–868.
White arrows highlight broad zones of fluorescence in mitotic cells and ar-
rowheads mark interphase nuclei. (E) Cells expressing Cdc15pDSH3-mCherry
and mEGFP-Bgs1p (not shown). Arrows highlight fluorescence in contractile
rings. (F) Time courses of onset of contractile ring constriction tracked with
Rlc1p-tdTomato (O, C), and formation of rings of GFP-Bgs1p (☐, -),
mCherry-Cdc15p FBD1–297 (:), and mCherry-Cdc15p-MD298–868 (;). Open
symbols are wild-type cells (n = 29), and filled symbols are cells depleted of
Cdc15p (C, X n = 10, : n = 12, and ; n = 11). (G–I) Time series of fluores-
cence micrographs (maximum-intensity projections of 20 z slices, 2 min in-
tervals) of cells depleted of Cdc15p expressing fluorescent fusion proteins.
The contrast was digitally enhanced to visualize the weak signals. Scale bars
represent 2 mm. (G) Sad1p-mEGFP andmCherry-Cdc15p FBD1–297. (H) Rlc1p-
mEGFP (top) and Sad1p-mCherry and mCherry-Cdc15p-MD298–868 (bottom).
(I) mEGFP-Bgs1p (top) and mCherry-Cdc15p-MD298–868 (bottom).
1540 Cell Reports 8, 1533–1544, September 11, 2014 ª2014 The Augenes required for membrane traffic through the Golgi apparatus
(Park et al., 2009; Sammons et al., 2011; Walch-Solimena and
Novick, 1999). Similarly, mutations in conserved genes required
for vesicular transport in the Golgi apparatus (De Matteis and
Luini, 2008; Jaulin et al., 2007; Valente et al., 2012) cause septa-
tion defects in fission yeast (Brazer et al., 2000; Mishra et al.,
2005).
Cells lacking the Clp1p phosphatase have the same pheno-
type as depleting Cdc15p or deleting its SH3 domain, supporting
the importance of Clp1p in regulating Cdc15p during cytoki-
nesis. The observation that a hypophosphorylated Cdc15p
mutant accumulates in vesicle-like structures at the cell center
in interphase (Roberts-Galbraith et al., 2010) suggests that
dephosphorylation of Cdc15p may be required for its role in
transport out of the Golgi apparatus. Given that Clp1p also
acts on proteins involved in vesicular trafficking, transcription,
and ribosome biogenesis (Chen et al., 2013), complementation
experiments with Cdc15p having mutations in its phosphoryla-
tion sites will be of interest to understand the Dclp1 phenotype
and the regulation of Cdc15p during cytokinesis.
Our experiments show that contractile ring anchors resist both
lateral forces that produce sliding and centripetal forces that pull
the ring away from the plasmamembrane.Myp2p appears to put
a lateral force on contractile rings, allowing them to slide until thethors
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 min
41xnmt1cdc15 Rlc1p-tdTomato
0 8 16 24 32 40 48 56 64 72 80 88 96 104112120128132140148156164172 min
Δmyp2 41xnmt1cdc15 Rlc1p-tdTomato
E
A
wild type
Δmyp2
cdc15-140
Δmyp2
cdc15-140
o25 C
YE5S-Agar
o36 C
YE5S-Agar
o32 C
YE5S-Agar
B
Myp2p-YFP
0 3 6 9 12 15 18 2421 27 30 33 36 39 42 45 5148 54 57 60 63 min
wild type Myp2p-YFP Sad1p-CFP
Δclp1 Myp2p-YFP Sad1p-CFP
cdc15ΔSH3 Myp2p-YFP Sad1p-CFP
41xnmt1cdc15 Myp2p-YFP Sad1p-CFP
18 24 30 36 44 50 56 62 68 74 80 86 min0 6 12
D
41xnmt1cdc15 Rlc1p-tdTomato Sad1p-GFP
C
Time, min
1000 20 40 60 80
wild type
Δclp1
cdc15ΔSH3
41xnmt1cdc15
M
yp
2p
-Y
FP
 m
ol
ec
ul
es
 
3
in
 th
e 
rin
g 
(X
10
)
0
1
2
3
4
5
6
F 41xnmt1cdc15 Δmyp241xnmt1cdc15
Time, min
pe
rc
en
t o
f c
el
ls
0
20
40
60
80
100
120
-50 0 50 100 150 200 250
nodes
ring assembly
ring constriction
Figure 6. Sliding of Contractile Rings in Cells Depleted of Cdc15p
Depends on Myp2p
(A) Growth of serial dilutions of wild-type and mutant strains Dmyp2, cdc15-
140 and Dmyp2, cdc15-140 for 3 days at 25C, 32C, or 36C.
(B) Time series of fluorescence micrographs (maximum-intensity projection of
19 confocal z slices at 3 min intervals) of a cell expressing Myp2p-YFP and
Sad1p-CFP (not shown).
(C) Time course of the accumulation and disappearance of Myp2p-YFP mol-
ecules (mean numbers) in contractile rings of wild-type cells (O, n = 17), cells
depleted of Cdc15p (☐, n = 11), cdc15DSH3 cells (D, n = 17), and Dclp1 cells
also expressing Sad1p-CFP (>, n = 19).
(D) Time series of fluorescence micrographs showing elongated structures
containing myosins separating from contractile rings in cdc15 mutants. Im-
ages of 20 z sections were collected every 3 min and reconstructed into
sections across the mid plane of the each cell. First row: wild-type cell ex-
pressing Myp2p-YFP and Sad1p-CFP. Second row: Dclp1 cell expressing
Myp2p-YFP and Sad1p-CFP. Third row: cdc15DSH3 cell expressing
Cell Reanchors mature. Rings rarely slide in wild-type cells, because
Bgs1p is recruited shortly after Myp2p, so the conditions for
sliding, the presence of Myp2p, and low numbers of Bgs1p exist
only transiently. Myp2p also has a role in coordinating ring
constriction with septum deposition, since rings in many
Dmyp2 cells pull away from the leading edge of the cleavage
furrow. Actin polymerization and other motors such as Myo2p
may also contribute to slow sliding in Dmyp2 cells.
Myp2p may also be connected to the role of microtubules in
positioning the contractile ring, since deletion ofmyp2+ resulted
in the loss of protein Mto1p (microtubule organizing protein 1)
from the contractile ring (Samejima et al., 2010). Mto1p regulates
the g-tubulin complex (Sawin et al., 2004; Venkatram et al., 2004)
and postanaphase array microtubules (Pardo and Nurse, 2003;
Venkatram et al., 2004) that contribute in some way to coupling
septum deposition to contractile ring constriction (Samejima
et al., 2010).
Although Cdc15p is not required for contractile ring assembly,
according to our own observations and previous work (Arai and
Mabuchi, 2002; Balasubramanian et al., 1998; Carnahan and
Gould, 2003; Hachet and Simanis, 2008), it likely contributes to
late steps in cytokinesis in addition to delivering Bgs1p to the
cleavage furrow. For example, the SH3 domain of Cdc15p inter-
acts with and recruits Cyk3p, Fic1p, Etd1p, and Pxl1p to
completed contractile rings (Daga et al., 2005; Ge and Balasu-
bramanian, 2008; Pinar et al., 2008; Pollard et al., 2012; Rob-
erts-Galbraith et al., 2009). Furthermore, the progressive
dephosphorylation of Cdc15p during mitosis (Fankhauser et al.,
1995;Roberts-Galbraith et al., 2010;Wachtler et al., 2006) should
promote thewell-established interaction of Cdc15pwith Cdc12p
(Carnahan and Gould, 2003; Laporte et al., 2011; Roberts-
Galbraith et al., 2010) after contractile rings form.
EXPERIMENTAL PROCEDURES
Table S1 lists the strains used in this study. Yeast cells were grown for micro-
scopy in exponential phase at 25C. Proteins were tagged with fluorescent
proteins in the genome and expressed from native promoters in the native
loci or inserted in the leu+ locus and expressed from native promoters.
Microscopy
Cells were imaged on a thin pad of 25% gelatin in EMM5S medium supple-
mented with 0.1 mM n-propyl-gallate (Arasada and Pollard, 2011) with an
Olympus IX-71 microscope with a 1003/NA 1.4 Plan Apo lens (Olympus)
and a CSU-X1 (Andor Technology) confocal spinning disk confocal system
equipped with an iXON-EMCCD camera (Andor Technology) calibrated to
count fluorescent proteins (Wu and Pollard, 2005).Myp2p-YFP and Sad1p-CFP. Fourth row: cell depleted of Cdc15p expres-
sing Myp2p-YFP and Sad1p-CFP. Fifth row: cell depleted of Cdc15p
expressing Rlc1p-TdTomato and Sad1p-GFP.
(E) Time series of fluorescence micrographs (maximum-intensity projection of
19 confocal z slices, 8 min intervals) of cells expressing Rlc1p-tdTomato and
Sad1p-GFP and released from the S phase block by hydroxyurea 2 hr prior to
imaging. Top: cell depleted of Cdc15p. Bottom: cell depleted of Cdc15p and
lacking Myp2p. Scale bars represent 2 mm.
(F) Time course of cytokinesis tracked with Rlc1p-tdTomato in cells depleted
of Cdc15p (filled symbols) and cells depleted of Cdc15p and lacking Myp2p
(open symbols): appearance of Rlc1p-tdTomato in nodes (O, n = 14); con-
tractile ring completed (☐, n = 14); and onset of contractile ring constriction (:,
n = 14; D, n = 9). Data from every 12th min was represented.
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Figure 7. Cytokinesis Defects in Dmyp2 Deletion Mutants
(A) Time series of fluorescence micrographs of (Top) wild-type cells and
(bottom) Dmyp2 mutant cells expressing Rlc1p-tdTomato and Sad1p-GFP.
These are maximum-intensity projections of 19 confocal z slices at 4 min time
intervals. Scale bar represents 2 mm.
(B) Time course of contractile ring constriction measured as the average
circumference of Rlc1p-tdTomato contractile rings ± 1 SD in wild-type cells (O,
n = 12) and Dmyp2 cells (☐, n = 18).
(C) Time course of the ratio between circumference of Rlc1p-tdTomato con-
tractile rings and the circumference of the cleavage furrow (GFP-Bgs1p) in
wild-type cells (O, n = 8) and Dmyp2mutant cells (C, n = 8) expressing Rlc1p-
tdTomato, GFP-Bgs1p, and Sad1p-GFP and imaged in 19 z slices with
0.36 mm spacing every 2 min for 2 hr at 25C.
(D) Time series of merged fluorescence micrographs (maximum-intensity
projection of 19 confocal z slices, 4 min intervals) of Dmyp2 mutant cells ex-
pressing Rlc1p-tdTomato to mark contractile rings, Sad1p-GFP to mark
spindle pole bodies, and GFP-Bgs1p to mark primary septa (n = 51). Images
are the middles (45 3 45 pixels) of cells with the long axis horizontal. The top
panel is representative of 43% of cells with coordinated rings and septa. The
middle panel is representative of 33% of cells with the contractile ring and
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Cell lysates were fractionated by sedimentation velocity ultracentrifugation in a
sucrose gradient as described for budding yeast (Antebi and Fink, 1992; Bar-
rowman et al., 2010). Proteins were quantitated by immunoblotting with anti-
bodies fluorescent protein tags (Arasada and Pollard, 2011).SUPPLEMENTAL INFORMATION
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